Objectives: Enterococcus faecalis is a human commensal that has the ability to become a pathogen. Because of its ruggedness, it can persist in the hospital setting and cause serious nosocomial infections. E. faecalis can acquire multiple drug resistance determinants but is also intrinsically tolerant to a number of antibiotics, such as penicillin or vancomycin, meaning that these usually bactericidal drugs only exhibit a bacteriostatic effect. Recently, evidence has been presented that exposure to bactericidal antibiotics induced the production of reactive oxygen species in bacteria. Here, we studied the role of enzymes involved in the oxidative stress response in the survival of E. faecalis after antibiotic treatment.
Introduction
Enterococcus faecalis is a usually innocuous commensal of the human gastrointestinal tract. However, it has the ability to become a pathogen involved in various infections such as endocarditis, urinary tract infections, meningitis, sepsis and intraabdominal infections. 1, 2 Importantly, E. faecalis, is one of the leading causes of nosocomial infections, and the emergence of vancomycin-and multidrug-resistant E. faecalis in the clinical setting is of particular concern. 3 -5 The aptitude of E. faecalis to adapt to hostile environments such as a hospital can be linked to its tremendous ability to grow at a wide range of temperatures or pH, to survive for long periods of time in adverse conditions and to resist various stresses and standard cleaning procedures. 6, 7 Data demonstrating long-lasting (up to months) environmental contamination of surfaces despite rigorous cleaning suggest that the intrinsic ruggedness of enterococci is an essential element for their persistence and spread in the healthcare setting. 8, 9 Indeed, room colonization has been shown to be an important factor in the transmission of vancomycin-resistant enterococci. 10 Enterococci exhibit intrinsic resistance or relative resistance to a number of antibiotic classes (b-lactams, aminoglycosides, lincosamides, trimethoprim/sulfamethoxazole and fluoroquinolones). 11 As an example, enterococci are 10-100 times less susceptible to b-lactams than other streptococci. 12 E. faecalis can gain further resistance by mutations in its existing chromosome, but it is also able to acquire resistance determinants by horizontal genetic exchange, such as the vanA or vanB conjugative transposons found in the first vancomycin-resistant enterococci clinical isolates reported in Europe or the USA, respectively. 13 -15 Moreover, for as yet unknown reasons, virtually all clinical E. faecalis isolates are tolerant to b-lactams and glycopeptides. 12,16 -19 Tolerant bacteria escape the killing effect of bactericidal antibiotics, even at concentrations exceeding the MIC of the drug by several orders of magnitude, leading bactericidal drugs to become mere bacteriostatic agents. 20 Tolerance has been linked to treatment failures in infections such as endocarditis, 21, 22 meningitis, 23 osteomyelitis 24 and bacteraemia. 25 The first case of therapeutic failure due to an ampicillin-tolerant clinical isolate of E. faecalis was reported in 1980. 26 Recently, treatment failure of a vancomycin-susceptible E. faecalis was linked to its tolerance towards vancomycin. 27 A novel study indicated that exposure to different classes of bactericidal drugs led to the formation of hydroxyl radicals in both Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria, and proposed that this reactive oxygen species (ROS) induced damage to various bacterial structures, leading to cell death. 28 Since E. faecalis is naturally tolerant to a number of antimicrobial compounds, we therefore wanted to assess the role of oxidative stress and ROS in its survival after antibiotic exposure. Here, we demonstrate that the E. faecalis superoxide dismutase is the key to its nonsusceptibility towards the bactericidal effect of penicillin and vancomycin, and that cell death pathways in E. faecalis are induced by the superoxide anion and might be different from those suggested for E. coli or S. aureus.
Materials and methods

Bacterial strains and growth conditions
Bacterial strains used in this study are described in Table 1 . Enterococci were grown in M17 medium 29 supplemented with 0.5% (w/v) glucose (GM17) at 378C either under aerobic conditions (150 mL Erlenmeyer flasks filled with 15 mL of growth medium, with agitation at 60 rpm) or under semi-anaerobic conditions (sealed test tubes fully filled with the medium). Growth of the cultures was followed both by measurement of optical density at a wavelength of 600 nm (OD 600 ) with a Biophotometer (Eppendorf, Hamburg, Germany) and by viable cfu counts on agar plates. E. coli EC101 were cultivated at 378C in Luria-Bertani (LB) broth 30 with agitation or on LB agar. When appropriate, tetracycline (10 mg/L for E. faecalis, 12.5 mg/L for E. coli) was added to the medium. Bacterial stocks were stored at 2808C in either GM17 or LB broth supplemented with 10% (v/v) glycerol.
DNA manipulations, antibiotics, chemicals and enzymes
All DNA manipulations were performed using standard techniques. 30 Antibiotics, chemicals and enzymes were reagent-grade, commercially available products.
Construction of deletion mutants
Deletion mutants were constructed using a previously described allelic replacement method. 31 Single crossing over insertionduplication mutagenesis was based on a two-vector system essentially the same as that described by Law et al. 32 using the plasmids pG þ host (repA TS ) and the integrative plasmid pVE14218 (Tet R ) (L. Rigottier-Gois and P. Serror, INRA).
Susceptibility testing and time-kill curves
The MICs were determined by a standard macrodilution method. 33 Time -kill curves were determined in exponentially growing enterococcal cultures by adding an antibiotic concentration equal to 20Â the MIC of the tested antibiotic at an OD 600 of 0.5 (corresponding to $5Â10 8 cfu/mL). The OD 600 was then followed and cfu counts determined after 24 h of incubation by plating 10-fold serial dilutions of the cultures on GM17 agar plates. The number of survivors giving rise to colonies was determined after 48 h of incubation of the plates at 378C.
Measurement of H 2 O 2 production
The production of H 2 O 2 was quantified using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) according to the instructions of the manufacturer. Briefly, E. faecalis strains were cultured with shaking (60 rpm) at 378C in GM17 medium until an OD 600 of 0.5 was reached. In the case of antibiotic treatment, vancomycin, penicillin or tetracycline was added at this timepoint and cultures incubated for 24 h. Then, 500 mL of each culture was centrifuged and diluted 100-fold with 1Â reaction buffer from the Amplex Kit. The Antibiotic tolerance in E. faecalis H 2 O 2 concentration was determined from this dilution using 50 mL of sample and 50 mL of working solution. In parallel, H 2 O 2 standard curves (0-5 mM H 2 O 2 ) were prepared using GM17 diluted 100-fold in 1Â reaction buffer. The fluorescence was measured using a spectrofluorimeter (JY3 D Jobin Yvon). In parallel, viable counts were determined for each point by serial dilutions and plating.
Results
Superoxide dismutase is the key to E. faecalis tolerance
The oxidative stress response of E. faecalis has been well characterized. 34 -36 Among other antioxidative activities, it harbours the three peroxidases alkyl hydroperoxide reductase (Ahp), thiol peroxidase (Tpx) and NADH peroxidase (Npr). We recently showed that all three are implicated in the defence against external H 2 O 2 , whereas Npr and Tpx are the most important activities to protect bacteria against internally generated H 2 O 2 and the deleterious macrophage environment, respectively. 31 A recent study indicated that killing of S. aureus and E. coli by bactericidal antibiotics is mediated by hydroxyl radicals (OH Á2 ) formed by the univalent reduction of H 2 O 2 by ferrous iron (the Fenton reaction). 28 We reasoned that if this killing mechanism was also acting in E. faecalis, peroxidase mutants would exhibit a loss of tolerance towards usually bactericidal antibiotics such as the glycopeptide vancomycin or the b-lactam penicillin. Cultures of the vancomycin-susceptible strain JH2-2 were incubated for 24 h in the presence of antibiotic concentrations equal to 20 times their MIC. As shown in Table 2 , vancomycin did not induce any significant loss in viability, whereas penicillin reduced survival by approximately one order of magnitude. The individual isogenic peroxidase mutants were not more susceptible to the antibiotics than the WT strain (data not shown). We hypothesized that the remaining two peroxidases might compensate the loss of the respective function missing in the single mutants and thus tested the triple peroxidase mutant (DnprDtpxDahp) against the above-mentioned antibiotics. However, we did not observe a difference in killing compared with the control strain for the triple mutant either (data not shown).
E. faecalis also harbours a gene encoding a haem-dependent catalase 34 and it could not be excluded that it may be the key activity for the neutralization of H 2 O 2 potentially formed by the action of the antibiotics. However, killing of the single Dcat mutant as well as the quadruple DnprDtpxDahpDcat strain was comparable with that of the JH2-2 parent strain (data not shown). We therefore concluded that vancomycin and penicillin do not induce peroxide stress in E. faecalis.
E. faecalis possesses a single superoxide dismutase of the manganese (Mn) type encoded by the sodA gene. 35 The antibiotic killing response of the DsodA mutant was totally different from that of its WT parent. Indeed, time -kill curve experiments indicate that it is 3.9 log 10 and 3.5 log 10 more susceptible to killing by vancomycin and penicillin, respectively ( Table 2 ). The DsodA mutant was also somewhat more susceptible, albeit to a lesser extent, to killing by the quinolone norfloxacin ( Table 2 ). The DsodA mutant was specifically killed by bactericidal but not by bacteriostatic drugs such as erythromycin, tetracycline or chloramphenicol (Table 2) . Of note, in GM17 broth, gentamicin is not bactericidal at either 5 or 24 h post-antibiotic exposure, whereas the WT JH2-2 and the DsodA mutant were readily killed in brain heart infusion media (data not shown) as previously described. 37 Killing of E. faecalis by bactericidal drugs depends on the presence of oxygen
The tremendous antibiotic killing susceptibility of the DsodA mutant (as well as the more modest decrease in survival of the WT cells when treated with penicillin and norfloxacin) was strictly dependent on the presence of oxygen. The bacteria could be killed when cultures were agitated in Erlenmeyer flasks with moderate shaking (60 rpm). On the other hand, when time -kill curves were performed under semi-anaerobic conditions (unagitated completely filled test tubes), killing by the antibiotic was totally abolished (data not shown).
Killing of E. faecalis is not mediated by DNA or protein alterations
To assess whether DNA alterations were responsible for cell death, we investigated the response to vancomycin exposure of the well characterized E. faecalis UV202, a strain impaired in DNA repair, which has recently been shown to harbour a mutation in its recA gene abolishing its activity. 38 However, as shown in Table 3 , this strain was not more susceptible than the WT to antibiotic killing.
Hydroxyl radicals will also damage proteins and their oxidation can lead to conformational changes and loss of function. Amino acids readily prone to oxidation by ROS include cysteine, histidine, tryptophan and tyrosine but the most susceptible is methionine. Methionine oxidation to methionine sulphoxide is reversible and is catalysed by the ubiquitous methionine sulphoxide reductases. 39 The enzymes MsrA and MsrB reduce the two isomers of methionine sulphoxide, methionine S-sulphoxide and methionine R-sulphoxide, respectively. msr mutants of E. faecalis are susceptible to oxidants (C. Zhao and A. Hartke, unpublished results) and we therefore tested their survival after antibiotic exposure. However, as shown in Table 3 , neither the single mutants nor the corresponding DmsrADmsrB double mutant were more susceptible to killing by vancomycin.
Deletion of sodA does not modify the MIC of antibiotics for E. faecalis
Deletion of sodA very significantly altered the bactericidal effect of antibiotics towards E. faecalis. We therefore assessed the effect of sodA deletion on E. faecalis antibiotic susceptibility (i.e. the MIC) using a macrodilution method. Our results showed that, in comparison with its JH2-2 parent, the MIC for the DsodA strain of vancomycin, penicillin or norfloxacin was unchanged, i.e. 2, 2 and 8 mg/L, respectively. Hence, the superoxide dismutase is specifically involved in the protection of bacteria against the lethal effect of bactericidal antibiotics.
Bacterial killing is linked to superoxide production induced by bactericidal antibiotic exposure Deferoxamine and 2,2 0 -bipyridyl are Fe 3þ and Fe 2þ chelators and these chemicals should inhibit the production of hydroxyl radicals by H 2 O 2 through the Fenton reaction. As shown in Table 4 , the addition of either of these compounds did not protect the DsodA strain against killing by vancomycin. On the other hand, the addition of tiron, which has been described as an efficient superoxide anion scavenger, 40 resulted in a 2 log 10 reduction in killing. Therefore, superoxide, rather than hydroxyl radicals, may be the mediator of bacterial killing in E. faecalis.
The DnprDtpxDahp strain excretes H 2 O 2 at an elevated rate upon bactericidal drug exposure If our working hypothesis is correct, the superoxide produced should be dismutated by the superoxide dismutase enzyme to O 2 and H 2 O 2 and the peroxide generated further degraded by peroxidases to finally yield H 2 O. This redox cascade should be interrupted in peroxidase mutants. Therefore, we determined the amounts of H 2 O 2 in the supernatants of cultures of the triple peroxidase mutant DnprDtpxDahp as well as of the WT parent. The cultures were exposed to the antibiotics at an OD 600 of 0.5 and the H 2 O 2 concentrations for both strains were determined just before addition of antibiotics and after 24 h of incubation in the presence of vancomycin and penicillin. As shown in Table 5 , treatments with both antibiotics led to significantly higher H 2 O 2 production per cfu in the triple peroxidase mutant in comparison with the WT parent strain. It is worth noting that the same treatment with a bacteriostatic antibiotic (tetracycline) did not lead to an increased production of H 2 O 2 .
The source of intracellular superoxide production in E. faecalis remains to be determined
The only known superoxide-producing pathway in E. faecalis is extracellular production by the membrane-associated demethylmenaquinone, an essential component of the respiratory chain of E. faecalis. 36 In that study, Huycke and collaborators have shown that extracellular superoxide production was inhibited (.75% reduction) by haematin or fumarate. In our time -kill curve assays, the addition of fumarate did not result in a statistically significant decrease in the killing of the DsodA strain whereas the addition of haematin resulted in a .1 log 10 reduction in killing efficacy.
Disruption of the demethylmenaquinone pathway by inactivating the menB gene significantly reduced extracellular O 2 2 production. 36 Therefore, we constructed a menB::tet insertional mutant in the DsodA background (strain DsodA menB::tet). As shown in Table 3 , the double mutant DsodA menB::tet was killed as much as the DsodA strain. Hence, antibiotic-induced superoxide production is not due to an adventitious transfer of electrons to oxygen via the demethylmenaquinone pool but other as yet unknown superoxide production pathways in E. faecalis must be involved.
Eukaryotic superoxide dismutase inhibitors are not effective in inducing killing in E. faecalis
Since SodA plays a key role in bacterial survival after antibiotic exposure, we sought to determine whether adding superoxide dismutase inhibitors in addition to the antibiotic in the WT E. faecalis cultures would promote cell death. Even though no prokaryotic Mn superoxide dismutase inhibitors have been described, we tried 2-methoxyestradiol (2-ME), which seems to inhibit eukaryotic Mn and Cu/Zn superoxide dismutases, 41, 42 and diethyldithiocarbamate (DDC), a Cu/Zn superoxide dismutase inhibitor. 43 The addition of either 2-ME or DDC to vancomycin-exposed cultures did not result in killing of the WT strain (Table 4 ). In fact, DDC was even protective for the DsodA strain in time -kill experiments. This may be due to the capacity of thiocarbamates to act as ROS scavengers. 44 
Discussion
By definition, bactericidal antibiotics induce a reduction of at least 99.9% (3 log 10 cfu/mL) in viable counts after 24 h of exposure. In comparison with bacteriostatic drugs, bactericidal agents have two important properties. First, they are more efficient in clearing the infection in vivo. 45 Secondly, maximizing the bactericidal effect also reduces the potential development of bacterial resistance mechanisms ('dead bugs don't mutate'). 46 The results shown are the means of at least three independent experiments.
Against tolerant bacteria, such as E. faecalis, bactericidal drugs lose these key properties. Therefore, finding ways to resensitize tolerant bacteria to the killing effect of bactericidal drugs is of paramount importance. Several communications have shown that exposure to some antibiotics increased the production of ROS in the cytoplasm of bacteria. 40, 47, 48 A recent study, conducted mainly with E. coli, has presented evidence that exposure to bactericidal but not to bacteriostatic antibiotics induced the production of superoxide (O 2 2 ) by the respiratory chain. 28 It has been well established that O 2 2 destroys Fe -S clusters present in various enzymes, hence releasing iron atoms in the cytoplasm, leading to the production of the highly reactive hydroxyl radicals (OH
Á2
) through the Fenton reaction. This death-inducing ROS cascade by bactericidal antibiotics was supported by results obtained with either thiourea (a putative hydroxyl radical scavenger) or 2,2 0 -bipyridyl (an iron chelator), which protected cells against killing by drugs. OH Á2 reacts in a nearly diffusion-controlled manner with all biomolecules but its main sensitive target is DNA. Indeed, an E. coli DrecA mutant was more susceptible to bactericidal antibiotics than the isogenic WT. 28 Exposure of S. aureus to bactericidal antibiotics also induced the production of hydroxyl radicals, indicating that the mechanistic concept of ROS production by bactericidal drugs is also relevant in Gram-positive bacteria. 28 However, as stated in a recent comment on the publication of Kohanski et al., 28 dissection of the connection between antibiotic-induced ROS production and cell death needs examination of mutants lacking known ROS enzymatic scavengers such as superoxide dismutases, peroxidases and catalases. 49 Using such mutants of E. faecalis we show that our results differ in several points from the mechanistic scheme proposed for E. coli and S. aureus. First, the Fenton reaction did not play an obvious role in the antibiotic-induced killing of E. faecalis. Indeed, mutants severely affected in H 2 O 2 degradation 31 were as tolerant as the WT parent. Moreover, cell-penetrating iron scavengers did not protect the E. faecalis DsodA mutant against vancomycin-induced killing, even though we recently demonstrated that deferoxamine largely protected E. faecalis cells against exposure to H 2 O 2 . 35 Secondly, E. faecalis recA mutants were not more susceptible to vancomycin exposure than the WT, demonstrating that DNA damage is not the lethal event in E. faecalis. Please note that both points mutually support each other.
The only mutant that was significantly more susceptible to the killing effect of the three different classes of bactericidal antibiotics (glycopeptide, b-lactam and quinolone) was the DsodA mutant. On the other hand, the DsodA mutation did not induce any change in viability when bacteriostatic agents were used. Hence, in E. faecalis, the generation and accumulation of toxic concentrations of superoxide are induced by bactericidal agents only, a fact supported by the protective effect of the superoxide scavenger tiron.
From these combined results we propose a model of how bactericidal antibiotics kill E. faecalis cells. In WT bacteria, the superoxide produced by the antibiotic stress is dismutated into O 2 and H 2 O 2 by Mn superoxide dismutase (Figure 1) . The H 2 O 2 generated in this reaction seems not to accumulate to lethal concentrations since peroxidase/catalase mutants are not significantly more susceptible than the WT strain to the abovementioned antibiotics. In contrast, in the DsodA mutant, superoxide accumulates to critical levels and reacts with sensitive targets. These secondary lesions provoked by the exposure to bactericidal drugs contribute finally to cell death. The model has been experimentally tested. As predicted, a peroxidase mutant defective in the detoxification of H 2 O 2 31 excreted H 2 O 2 at a particularly high rate when treated with vancomycin or penicillin but not if treated with bacteriostatic drugs such as tetracycline. However, the model seems in conflict with current knowledge about the reactivity of superoxide. Indeed, this ROS does not readily react with most biomolecules but reacts with [Fe -S] clusters of enzymes and destroys them. Such enzymes might correspond to essential targets in E. faecalis and further work is needed for their identification. Of note, enterococci have neither a tricarboxylic acid (TCA) cycle nor dehydratases known to be inactivated by O 2 2 in E. coli. 50 Moreover, the molecular mechanisms underlying the antibiotic-induced superoxide burst have to be elucidated. As we have shown, the demethylmenaquinone pool responsible for the extracellular production of O 2 2 is not implicated in this phenomenon.
In conclusion, our results further strengthen the relationship between bacterial killing and oxidative stress, which, at least in E. faecalis, seems to be mediated by the superoxide anion. The identification of the O 2
2
-sensitive targets or specific superoxide dismutase inhibitors may provide new insights into the molecular mechanisms of E. faecalis death, and represent new potential targets for antimicrobial intervention.
